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The microscopic basis for phase-sensitive experiments for determination of the order
parameter symmetry in Fe-based superconductors.
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We present a microscopic theory of dc Josephson current, based on the construction of a coher-
ent temperature Greens function in the tight-binding approximation, in junctions with multiband
superconductors. This theory is applied to the junctions with multiband Fe-based superconductors
(FeBS) described by s±-wave and s++-wave order parameter symmetries, which probably realized
in FeBS. We confirm microscopically the previously suggested crucial experiment for determination
of the type of the order parameter symmetry in FeBS.
PACS numbers: 74.20.Rp,74.70.Xa,74.45.+c,74.50.+r,74.55.+v
Determination of the symmetry of the order param-
eter of a new unconventional superconductor is one of
the first tasks after their discovery. It is known that
the crucial experiments to determine the symmetry of
the order parameter in unusual superconductors are the
phase-coherent tunneling experiments.
It should be noted that many of the new unconven-
tional superconductors, such as Sr2RuO4, FeBS, doped
superconducting insulators CuxBi2Se3 are multiorbital
metals. Therefore, a quantitative microscopic theory
that describes the coherent tunneling in the junctions
containing these unconventional superconductors should
take into account both interband and intervalley scat-
tering at the boundaries. Such a microscopic theory to
describe the current of single-particle excitations in junc-
tions of a normal metal with a multiband superconduc-
tor has been proposed only recently [1]. The aim of this
work is the creation of the consistent microscopic the-
ory of the Josephson tunneling in junctions with multi-
band superconductors and application of this theory to
FeBS with the most popular types of the symmetries of
the order parameter. Previous theories devoted to the
study of Josephson tunneling in junctions with multi-
band superconductors are phenomenological [2–5]. Our
theory is applied to calculation of the Josephson current-
phase dependencies in junctions between single-band su-
perconductor and FeBS with s±-wave and s++-wave or-
der parameter symmetries for different directions of cur-
rent with respect to the crystallographic axes of FeBS.
Based on these calculations, we demonstrate the possi-
bility to determine the symmetry of the order parameter
in FeBS and for the first time microscopically confirm
one of the recently proposed for this purpose experimen-
tal scheme.
We consider a model clean planar superconducting
S/I/Sp junction with perfectly flat interfaces in the tight-
binding approximation like the one depicted in Fig. 1.
One can see a two-dimensional crystallographic plane of a
conventional spin-singlet s-wave superconductor S (blue
filled circles on left side of Fig. 1), N atomic layers of
an insulator (circles in the middle of Fig. 1) and multi-
orbital superconductor Sp (in the right part of Fig. 1).
In Fig. 1 t and t′ are the hopping parametrs in S and I,
respectively. We consider the application of our method
for the case when a multiorbital superconductor Sp is
FeBS.
FIG. 1. Schematic illustration of 2D model of the s-wave
superconductor/insulator/FeBS structure.
The minimal model to reproduce Fermi surfaces in
FeBS is a two-band model considering dxz and dyz or-
bitals in iron [6]. There are four hopping parameters t1,
t2, t3 and t4 in this model, as shown in Fig. 1. For
the pair potential, the intra-orbital s± and s++ models
are considered [7]. We consider the case of zero misori-
entation angle of the crystallographic axes of FeBs with
respect to the interface as shown in Fig. 1. The hopping
parameter between the sites of a usual superconductor S
on the left side and the sites of an insulator I is described
by γ, and the hopping parameters between the sites of an
insulator I and dxz (dyz)-orbitals of FeBS are described
by γ1 (γ2). For simplicity, we assume that the periods of
the crystal lattices in a normal metal and FeBs are the
same and equal to a = 1. To calculate the Josephson cur-
2rent across S/I/Sp junction we should construct coherent
Green’s function of the whole system. The simplest way
to do it is to construct the Green’s functions of S, I, Sp
regions and then match them at the boundaries. Let us
define the temperature matrix Green’s function G in the
tight-binding approximation for FeBS in the framework
of the two-orbital model in the following form:
G{n},{j}(τ1, τ2) =
(
Ĝ{n},{j}(τ1, τ2) F̂{n},{j}(τ1, τ2)̂˜
G{n},{j}(τ1, τ2)
̂˜
F {n},{j}(τ1, τ2)
)
,
(1)
where Ĝ{n},{j}(τ1, τ2), F̂{n},{j}(τ1, τ2),
̂˜
G{n},{j}(τ1, τ2),̂˜
F {n},{j}(τ1, τ2) are 4× 4 matrices in orbital space, which
we describe by upper indexes (αβ):

G
(αβ)
{n},{j}(τ1, τ2) = −〈Tτc
(α)
↑ ({n}, τ1)c
(β)+
↑ ({j}, τ2)〉,
F
(αβ)
{n},{j}(τ1, τ2) = 〈Tτ c
(α)+
↓ ({n}, τ1)c
(β)+
↑ ({j}, τ2)〉,
G˜
(αβ)
{n},{j}(τ1, τ2) = −〈Tτc
(α)+
↓ ({n}, τ1)c
(β)
↓ ({j}, τ2)〉,
F˜
(αβ)
{n},{j}(τ1, τ2) = 〈Tτ c
(α)
↑ ({n}, τ1)c
(β)
↓ ({j}, τ2)〉.
(2)
In Eqs. (1,2) indices α and β run through all val-
ues 1, 2, where index 1 corresponds to the dxz or-
bital and index 2 corresponds to the dyz orbital;
c
(1)+
σ ({n}, τi)
(
c
(2)+
σ ({n}, τi))
)
is creation operator of an
electron belonging to the dxz (dyz) orbital with spin σ on
{n} = (nx, ny) site, τi is an imaginary ”time”, and Tτ is
an imaginary ”time” ordering operator.
Green’s functions of a conventional superconductorGS
and an insulator GI have the same form as in Eqs. (1,2),
but without the upper orbital indices.
Gorkov’s equations in the discrete case for arbitrary
model of the intraorbital superconducting pairing have
the following form:

(iωm + µ)G
(αα),ω
{n},{j} −
∑
{l}
t
(α)
{n},{l}G
(αα),ω
{l},{j} −
∑
{l}
t
(αβ)
{n},{l}G
(αβ),ω
{l},{j} +
∑
{l}
∆{n},{l}F
(αα),ω
{l},{j} = δ{n},{j},
(iωm + µ)G
(αβ),ω
{n},{j} −
∑
{l}
t
(β)
{n},{l}G
(αβ),ω
{l},{j} −
∑
{l}
t
(βα)
{n},{l}G
(αα),ω
{l},{j} +
∑
{l}
∆{n},{l}F
(αβ),ω
{l},{j} = 0,
(iωm − µ)F
(αα),ω
{n},{j} +
∑
{l}
t
(α)
{n},{l}F
(αα),ω
{l},{j} +
∑
{l}
t
(αβ)
{n},{l}F
(αβ),ω
{l},{j} +
∑
{l}
∆∗{n},{l}G
(αα),ω
{l},{j} = 0,
(iωm − µ)F
(αβ),ω
{n},{j} +
∑
{l}
t
(β)
{n},{l}F
(αβ),ω
{l},{j} +
∑
{l}
t
(βα)
{n},{l}F
(αα),ω
{l},{j} +
∑
{l}
∆∗{n},{l}G
(αβ),ω
{l},{j} = 0.
(3)
In Eq. (3) α 6= β, t
(1)
{n},{l}(t
(2)
{n},{l}) are the hopping
parameters between the same dxz(dyz) orbitals, and
t
(12)
{n},{l}(t
(21)
{n},{l}) are the hopping parameters between the
different orbitals, ωm = piT (2m+ 1), m is integer value,
T is the temperature.
Discrete Gorkov’s equations for the Green’s function of
a conventional superconductor GS and an insulator GI
have the same form as in Eq. (3), but without the orbital
indices, third and fourth term in the right side of Eq. (3)
forGI and without third term in the right side of Eq. (3)
for GS. It can be shown that in order to calculate the
Josephson current in the structure under consideration
it is enough to solve only Eq. (3) with α = 1 or α = 2,
because the remaining system of the equations gives the
same results.
To construct the coherent Green’s function of the
whole S/I/Sp junction one should match Green’s func-
tions of S, I and Sp regions at the boundaries. The
boundary conditions for matching of wave functions in
multiorbital metals were proposed in [1]. For tempera-
ture Green’s functions these boundary conditions for the
case α = 1, β = 2 have the form:

tGS1,j = γG
I
1,j ,
tFSL1,j = γF
I
1,j,
γGS0,j = t
′GI0,j ,
γFS0,j = t
′F I0,j ,
(4)
3
t1G
(αα)
N,j + 2t3 cos kyG
(αα)
N,j + 2it4 sin kyG
(αβ)
N,j = γ1G
I
N,j,
t1F
(αα)
N,j + 2t3 cos kyF
(αα)
N,j + 2it4 sin kyF
(αβ)
N,j = γ1F
I
N,j,
t2G
(αβ)
N,j + 2t3 cos kyG
(αβ)
N,j + 2it4 sinkyG
(αα)
N,j = γ2G
I
N,j,
t2F
(αβ)
N,j + 2t3 cos kyF
(αβ)
N,j + 2it4 sin kyF
(αα)
N,j = γ2F
I
N,j,
γ1G
(αα)
N+1,j + γ2G
(αβ)
N+1,j = tG
I
N+1,j ,
γ1F
(αα)
N+1,j + γ2F
(αβ)
N+1,j = tF
I
N+1,j .
(5)
Due to the translational invariance of the structure in
the direction parallel to the interface ky component of
the quasimomentum is conserved and the subscripts cor-
responding to the coordinate of a site in this direction
is omitted. We neglect the self-consistency of the pair
potential at the outlined above procedure of construc-
tion of the coherent Green’s function of S/I/Sp junction
since, as it was shown in [8], it is allowed in theoretical
investigation of the Josephson current in junctions with
unconventional superconductors .
The Josephson current is given by
I =
eT t
i~
∫ ∑
ωm
(GIj,j+1 −G
I
j+1,j + G˜
I
j,j+1 − G˜
I
j+1,j)dky.
(6)
It can be shown that previous relations for the Josephson
current in junctions with both conventional and uncon-
ventional superconductors [8] follow from Eqs. (3)-(6).
Eqs. (3)-(6) provide the possibility to calculate micro-
scopically the Josephson current in the S/I/Sp junction
for different directions of current relative to the crystal-
lographic axes of FeBS and different symmetries of the
order parameter in it.
The phase dependencies of the averaged over ky
Josephson current in the (100) oriented S/I/Sp junc-
tion (Fig. 1) are depicted in Fig.2 for the case of the
s± symmetry of the order parameter in FeBS. In our
calculations we use the following values of hopping pa-
rameters and chemical potential in FeBS: t1 = −0.1051,
t2 = 0.1472, t3 = −0.1909, t4 = −0.0874 and µp =
−0.081 (eV), according to Ref. [9], and suppose that
the S/I interface is transparent: γ = t. We consider
the s± model of FeBS with momentum dependent or-
der parameter ∆ = 4∆p cos kx cos ky with ∆p = 0.008
(eV), in a superconductor S we choose the magnitude
of the isotropic order parameter ∆0 = 0.002 (eV), and
suppose relatively low temperature T/T sc ≈ 0.02. We
choose the normal excitation spectrum in S in the form
of εN = 2t(cos kx + cos ky) + µN with hopping param-
eter t = −0.3 (eV) and chemical potential µN = 0.05
(eV) in order to provide large size of the Fermi surface in
S. Consequently, areas with large ky in FeBS contribute
to the Josephson current. In the insulating region we
choose the normal excitation spectrum in the form of
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FIG. 2. The phase dependencies of the Josephson current in
the S/I/Sp junction for the (100) oriented S/I/Sp junction
(Fig. 1), the solid lines correspond to the atomically sharp
boundary, lines with crosses correspond to the N = 3 layers of
an insulator, I0 = e∆0σN/~, where σN -normal conductivity
of the structure under consideration; (a) γ1 = 0.02, γ2 = 0.2;
(b) γ1 = 0.02, γ2 = 0.3; (c) γ1 = 0.02, γ2 = 0.4; (d) γ1 =
0.2, γ2 = 0.02.
εI = 2t
′(cos kx + cos ky) + µI with hopping parameter
t′ = −0.3 (eV) and chemical potential µI = 1.2 (eV). In
all four figures (a)-(d) in Fig.2 the solid lines correspond
to the atomically sharp boundary without layers of an
insulator, lines with crosses correspond to N = 3 layers
of an insulator. Figures (a)-(d) in Fig.2 differ from each
other by the choice of set of I/Sp interface hopping pa-
rameters, which determines the transparency of the I/Sp
interface [1].
One can see from Fig.2 that for different sets of I/Sp
interface hopping parameters and atomically sharp I/Sp
boundary S/I/Sp Josephson junction can achieve ground
state at the phase difference ϕ = pi (Fig.2,a,d), ϕ = 0
(Fig.2,c) and ϕ = φ0, where 0 < φ0 < pi (Fig.2,b). Such
a variety of the current-phase dependencies is explained
by the sign-changing in different bands of the s± order
parameter in FeBS and the contribution from all values of
ky to the total Josephson current in this case. Taking into
account of an insulating layer in S/I/Sp Josephson junc-
tion leads to the suppression of the contributions to the
average current from regions with large ky, therefore the
regions with small ky dominate [10]. In this case (lines
with crosses in Fig.2) the current-phase dependence be-
comes very close to the sinusoidal with ground state at
ϕ = pi (Fig.2,a,b,c) and ϕ = 0 (Fig.2,d). This situation
differs from the case of S/I/Sd Josephson junctions with
d-wave superconductor with nonzero misorientation an-
gle, when pi - contact survive with increasing the length
of an insulator layer [8].
Our calculations of the phase dependence of the
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FIG. 3. The phase dependencies of the Josephson current in
the S/I/Sp junction along z-axis. Solid line and left axis cor-
respond to atomically sharp boundary, line with crosses and
right axis correspond to the case of insulating layer containing
N = 3 atoms, I0 = e∆0σN/~.
Josephson current in S/I/Sp junction with the s++ sym-
metry of the order parameter in FeBS demonstrate, that
in all cases this junction has ground state at ϕ = 0.
One can see from the above results that it is difficult to
distinguish between the symmetry of the order parameter
in FeBS by examining the (100)-oriented S/I/Sp Joseph-
son junction because for different values of the hopping
across the I/Sp boundary 0, pi and φ contacts can exist,
and adding layers of an insulator can lead to the appear-
ance both 0 and pi contacts. Also the values of the hop-
ping parameters across the boundary can be estimated
only approximately.
But the situation changes in the case of investigation of
the Josephson current in S/I/Sp junctions along z-axis.
In this direction at each fixed k|| = (kx, ky) the contri-
bution to the Josephson current is effectively just from
one of FeBS band, because another band is significantly
far from the Fermi level. The phase dependencies of the
averaged over k|| Josephson current along z-axis in the
S/I/Sp structure are depicted in Fig.3. Solid line and
left axis correspond to atomically sharp boundary, line
with crosses and right axis correspond to the case for an
insulating layer containing N = 3 atoms. In this calcula-
tions we choose the normal excitation spectrum in S in
the form of εN = 2t(cos kx + cos ky + cos kz) + µN with
hopping parameter t = −0.3 (eV) and chemical potential
µN = 0.6 (eV). Such values of the hopping parameter
and chemical potential provide sufficiently large size of
the Fermi surface in S, so both electronic and hole pack-
ets contribute to the Josephson current. For FeBS along
z-axis we take into account only hopping tz = −0.1 (eV)
between the same orbitals on the nearest neighbor sites.
We considered transparent S/I interface and the follow-
ing values for hopping parameters across I/Sp interface:
γ1 = γ2 = 0.17. Our calculations demonstrate that in the
case of atomically sharp boundaries the contribution to
the total Josephson current from electron pockets dom-
inates and the resulting S/I/Sp junction is pi-junction
(solid line in Fig.3). The presence of an insulating layer
leads to the suppression of the contributions to the av-
eraged current from regions with large k||, that is from
the electron pockets, so the considered structure with
nonzero insulating layer has ground state at 0 phase dif-
ference (line with crosses in Fig.3). It should be noted,
that the similar results for the Josephson tunneling in
c-direction have been obtained recently using different
technique [11]. Modern technology permit to create the
loop of the normal superconductor, one end of which is
oxidized and other is not, connect it with c-oriented FeBS
and create dc SQUID. If one observes in this experiment
pi phase shift, it will be the crucial evidence in favor of
the presence of the s± symmetry in FeBS. The same ex-
periment was suggested recently in [10]. It is also neces-
sary to note the significant suppression of the magnitude
of the Josephson current in the case with long insulator
layer compare to atomically sharp boundaries (right and
left axis in Fig.3). This results can be one of the expla-
nation of the Josephson critical current suppression in
recent Josephson tunneling experiment in FeBS [12].
In conclusion, we have proposed a microscopic theory
describing Josephson tunneling in junctions with multi-
band superconductors. Our theory takes into account the
complex excitation spectrum of these superconductors,
their multiband Fermi surface, as well as interband scat-
tering at the boundaries. This theory has been applied to
the calculation of the Josephson current-phase relations
in junctions of FeBS described by s±-wave and s++-wave
order parameter symmetries with a conventional super-
conductor for different directions of current relative to
the crystallographic axes of FeBS and different length of
an insulator layer. We have demonstrated the possibil-
ity of the ultimate determination of the symmetry of the
order parameter in FeBS and for the first time we have
confirmed microscopically the recently proposed for this
purpose experimental scheme [10].
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